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A levitation device for charged particles has been used to position a single isolated droplet at
a time at atmospheric pressure near the sampling orifice of a vacuum chamber. Following a
brief desolvation period (550 ms), a series of coulomb fission events were initiated. Several
atmospheric pressure electrode designs were evaluated with respect to guiding the progeny
droplets/ions, to the sampling orifice. The best design tested consisted of a series of four
annular electrodes of decreasing radius positioned above the levitation ring electrodes, and, on
average, 40 ions were counted per single isolated droplet. The ion utilization (charge detected
versus charge in the original droplet) with this electrode design has been estimated to be 5 3
1026, a substantial improvement over the current utilization measured to be #1 3 1029 with
a conventional electrospray ion source using the same vacuum apparatus. (J Am Soc Mass
Spectrom 2000, 11, 393–399) © 2000 American Society for Mass Spectrometry
Basic research in the development of new andimproved methods to accommodate smaller sam-ple sizes has greatly expanded the application
base of mass spectrometry [1–5]. The electrospray (ES)
source [6], with its sensitivity restricted by a space
charge dominated droplet plume at atmospheric pres-
sure, has also been the subject of numerous attempts to
improve its sensitivity. In 1994, Wilm and Mann re-
ported useful ion currents from a miniaturized ES
capillary, which they termed nanoelectrospray, where
the size of the conducting capillary was reduced from
;100 to ;1 mm i.d. [7]. This allowed the capillary tip to
be positioned much closer to the sampling orifice,
effectively decreasing the loss of analyte due to space
charge [8]. The ion current utilization efficiency re-
ported with the miniaturized ES source was 8 3 1024.
Many design improvements to the miniaturized ES
source have since been reported, as well as coupling to
microfabricated devices [9, 10]. Adopting a different
approach to improve the sensitivity of the ES source,
Shaffer et al. have described an ion funnel, operated at
1–10 Torr, to focus the desolvating droplets and ions
toward the sampling orifice of the mass spectrometer
[11, 12]. Hager et al. studied the behavior of a stream of
neutral droplets that passed near a needle that was
biased to several kV [13]. The method being developed
in our lab to improve ion current utilization efficiency
for an atmospheric pressure ion source is the use of a
single isolated droplet with net charge as a source of
ions. The space charge performance limitation that
dominates the conventional ES source is negated with a
single droplet at a time approach, while many of the
remaining features of the ES source are retained.
The study of single isolated droplets is not new [14],
and many apparatus have been described to spatially
position droplets/particles with net charge while they
are being studied. A few levitation devices have been
described that use only dc fields to store particles that
are several millimeters in diameter [15, 16], though the
vast majority of charged particle levitation devices
employ combined ac and dc fields [17, 18]. A levitation
device was in fact used in 1964 to observe coulomb
fission [19], and the change in mass-to-charge ratio of a
droplet due to a fission event has since been quite
elegantly measured [20]. Recent reports involving ap-
plications of levitation devices describe the study of
ever decreasing quantities of analyte material [21–27].
In this report, we describe the use of a levitation
device to store a single isolated (primary) droplet with
net charge while it desolvates. Described are our first
attempts to guide the progeny droplets, released by the
process known as coulomb fission, toward the sampling
orifice of the vacuum chamber.
Experimental
Depicted in Figure 1 are four different ion source
arrangements that were interfaced to the vacuum cham-
ber. The alphabetical designations for all components in
Figure 1 are used throughout the text. The in-house
assembled ES capillary was used as the reference to
which the ion utilization efficiency of the single isolated
droplet with net charge as a source of ions has been
compared. The ES source used is shown as electrode
arrangement I in Figure 1. The electrode arrangements
that made use of the single particle generator (i.e., single
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droplet) are designated as electrode arrangements II, III,
and IV in Figure 1. The difference between electrode
arrangement II, III, and IV are the electrodes that aided
the deliver of progeny droplets/ions toward the orifice
of the vacuum chamber. Not changed in electrode
arrangements II, III, and IV were the levitation devices’
two ring electrodes, and the spatial position between
the nozzle of the droplet generator and the levitation
ring electrodes. The vacuum chamber and each of the
four different electrode arrangements used in this work
are described below.
Electrospray Ion Source
The ES source consisted of a stainless steel capillary (0.1
mm i.d. 3 0.2 mm o.d.) that was biased to 3 kV. Sample
solutions were pumped into this capillary at a rate of 5
mL min21 with a syringe pump (Cole-Parmer, model
74900). A nitrogen curtain gas flow rate of 1 L min21
was delivered to the region between the sampling
orifice and counterelectrode (300 V). The capillary (a)
and counterelectrode (b) are depicted in electrode ar-
rangement I in Figure 1. The ES capillary was posi-
tioned 2–3 mm off the ion axis of the vacuum chamber
and the capillary tip to counterelectrode separation was
10 mm.
Single Droplet Particle Generator
The single particle generator (Uni-photon Systems,
model 201, Brooklyn, NY) was set to generate droplets
at 1 Hz. The droplet generator assembly is housed in an
8-cm-long 3 1-cm-diameter stainless steel tube (c). An-
other stainless steel tube, terminated at both ends with
standard plumbing fittings, runs through this housing.
A piezoelectric crystal surrounds the inner tube inside
the housing.
The nozzle (d) for the droplet generator was con-
structed by sealing a short piece of uncoated fused silica
(35 mm i.d. 3 150 mm o.d.) into a borosilicate glass tube
(1.6 mm i.d. 3 3.2 mm o.d.) using a laboratory flame
[28]. This newly formed fire-polished tip was rounded,
and this was polished flat on optical lapping paper
using a high speed drill to form the nozzle that was
used to generate droplets. A representation of a new
nozzle that has been ground flat is shown in Figure 2. In
our hands, the most critical feature for maintaining
stable droplet generation was to fabricate a defect-free
and flat surface on the nozzle.
The end of the droplet generator housing opposite
the nozzle was connected by a short length of tubing to
a syringe. With the application of a high voltage pulse
to the piezoelectric crystal, the stainless steel sample
tube inside the droplet generator assembly constricts.
With a suitable backing pressure from a syringe pump,
a droplet is squeezed out of the nozzle. The minimum
flow output setting of 5 mL/h on the syringe pump used
to providing a backing pressure on the droplet genera-
tor was satisfactory for periods of operation time ,15
min. Longer operating times were problematic because
the excess flow of solution from the syringe pump
above the droplet volume flow of ;0.65 mL/h caused
fluid buildup on the flat surface of the tip assembly that
then interfered with the droplet generation. We have
since demonstrated that cycling the syringe pump on/
off status at its minimum flow rate setting to match the
droplet volume flux extends the duration of stable
droplet generation to $60 min.
Figure 1. Schematic of the vertically oriented atmospheric pres-
sure ion sampling vacuum chamber, and the ion sources and
associated electrodes used in this work. See text for the detailed
description of the items depicted in this figure. (a) Conducting
capillary of the electrospray source, (b) counterelectrode, (c) body
of the droplet generator assembly, (d) nozzle assembly for the
droplet generator, (e) induction electrode, (f) ring electrodes of the
charged particle levitation device, (g) plexiglass chamber, (h)
bottom plate electrode (dc potential only), (i) annular electrode
guides for the progeny droplet/ions, (j) stainless steel foil with a
100-mm-diameter sampling orifice, (k) skimmer, (l) delrin spacer,
(m) CEM. The instrumentation depicted in cartoon form, apart
from the width of the ES capillary and the sampling orifice, were
drawn to scale. Not shown are the walls of the vacuum chamber,
and the optical windows for the laser beam that were used to
visually observe the droplet in the levitation device. The laser
beam was directed through the center of the levitation device in
the plane of the paper normal to the ion axis of the vacuum
chamber.
Figure 2. Detailed depiction of the nozzle for the droplet gener-
ator. The fabrication of this nozzle is described in the text, and
additional details can be found in [28].
394 FENG AND AGNES J Am Soc Mass Spectrom 2000, 11, 393–399
Droplets were caused to have a net positive charge
through the use of an induction electrode (e), set at
2125 V dc, that imparted an image charge onto each
droplet as it was formed. The sample solution inside the
inner stainless steel tube within the droplet generator
assembly (plus solution in the connecting tubing and
syringe) was not grounded in this work, and its poten-
tial was allowed to float. The build-up of the image
charge in this solution volume in the 15 min window of
operation in the current work did not observably affect
these experiments.
Charged Particle Levitation Device and Electrodes
The nozzle of the droplet generator was positioned 20
mm below the bottom ring of the charged particle
levitation device, and on-axis with respect to both the
center of the levitation device and the orifice leading to
the vacuum chamber. The levitation device (f) used in
this work consisted of two ring electrodes (6.5 mm
radius), made with 1.7-mm-diameter copper wire and
aligned parallel at a separation distance of 4.6 mm [18].
Charged particles were stored in the center of the
levitation device, defined as the midpoint between the
two ring electrodes and on-axis with respect to the
vacuum chamber, by applying the 60 Hz line signal,
amplified to 1300 Vop, with 0° phase difference to both
ring electrodes. The droplets studied in this work could
be stored with no dc voltages applied to the ring
electrodes to offset gravity. All dc voltages applied to
the ring electrode in this work were solely for the
purpose of manipulating the progeny droplets, as de-
scribed below.
Droplets ejected from the nozzle of the particle
generator had initial velocities of ;0.8 ms21. This was
deduced by raising a glass cover slip by 1 mm incre-
ments above the nozzle until the droplets, being gener-
ated at 100 Hz, were no longer observed impacting on
the cover slip. The droplets were thus able to rise the
;22 mm to the center of the levitation device without
the assistance of an electric field. With stable droplet
generation, the trapping with subsequent levitation of
each droplet was 100% successful. Frequent restrictions
in the sample capillary of the droplet generator caused
unstable droplet generation, but unclogging of the
capillary, or fabrication of a replacement nozzle [28],
was simple. Also, it was a necessity to enclose the
levitation chamber (g) (plexiglass) in order to minimize
convection currents that otherwise precluded levitation
of the primary droplet.
The magnitude of the dc voltage on the top electrode
was varied between 30 and 280 V, and the dc voltage
applied to the bottom electrode tracked that of the top
electrode with a fixed offset of (Vr,top 2 Vr,bottom 5) 2
20 V. The magnitude of the dc potential of the top ring
electrode affected the velocity of the progeny droplets
expelled by coulomb fission after they left the levitation
device toward the sampling orifice. The constant dc
voltage difference between the two levitation ring elec-
trodes (Vr,top 2 Vr,bottom) of 220 V was sufficient to
cause all progeny droplets to be ejected from the
fissioning parent droplet in the upward direction only.
From initiation of the first coulomb fission event, the
droplet was observed to eject progeny droplets for
,100 ms, with brief discontinuities, until the remnant of
the primary droplet itself was ejected upwards, out of
the levitation device. Laser light scatter from the prog-
eny droplets allowed this behavior to be observed with
the naked eye. The dc offset potential applied between
the two ring electrodes did not noticeably affect the
vertical position of the evaporating primary droplet
within the levitation device. In contrast, during the
,100 ms time period following the initiation of the first
Coulomb fission event, the primary droplet could be
seen oscillating in the vertical direction with an ampli-
tude ,1 mm, presumably due to electrostatic recoil
from the ejected progeny droplets.
Various electrode arrangements at atmospheric pres-
sure have been used in our first attempts to guide the
progeny droplets, and the ions desorbed from these
droplets, toward the sampling orifice of the vacuum
chamber to generate a useful ion population from a
single isolated droplet. A two plate electrode arrange-
ment, with one plate on either side of the levitation ring
electrodes, is depicted as electrode arrangement II in
Figure 1. The top plate was the counterelectrode (b)
used with the conventional electrospray source. The
bottom plate (h) had a 5-mm-diameter hole to allow
droplets ejected from the droplet generator nozzle to
pass directly up into the levitation ring assembly. This
electrode arrangement was used with and without the
bottom plate positioned as depicted in electrode ar-
rangement II in Figure 1. With this design, the flow rate
of curtain gas of N2 to the region between the sampling
orifice plate and the counterelectrode ranged from 0 to
0.5 L min21, but only at 0 L min21 were ion currents
observed from single isolated droplets with net charge.
In another electrode arrangement used, identified as
electrode arrangement III in Figure 1, the only elec-
trodes at atmospheric pressure were the two levitation
rings. The dc potential applied to the top ring electrode
was varied from 150 to 280 V, with the dc voltage
difference between the top and bottom ring of the
levitation device maintained at 220 V.
The most recent, and also the most successful design
used to date employed a series of annular electrodes (i)
with each higher positioned electrode having a smaller
radius (arrangement IV, Figure 1). The annular elec-
trodes were fabricated by making a ring from a short
strand of 0.8-mm diameter copper wire. The descriptor
“annular” electrode has been used primarily to prevent
confusion between the ring electrodes of the particle
levitation device and the annular electrodes used to
guide the progeny droplets at atmospheric pressure.
The stack of annular electrodes was positioned above
the levitation rings in equal separation gaps of 3 mm.
The same dc and ac electrode biasing applied to the top
levitation ring was applied to each of the annular
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electrodes. The top and bottom levitation ring elec-
trodes were dc biased to 280 and 300 V, respectively. At
these dc potentials, the trapping of a droplet with net
charge was more noticeably dependent on the align-
ment of the droplet generator with the levitation device,
and care was needed in the initial setup.
Differentially Pumped Vacuum Chamber
A vacuum chamber was fitted with a vertically ori-
ented, atmospheric pressure ion sampling interface.
Two stages of differential pumping were used. A 50-
mm-thick stainless steel foil (j) with a 100-mm-diameter
orifice (Harvard Apparatus, Canada, St. Laurent, Que-
bec, Canada) was used to sample the gas at atmospheric
pressure into the first stage of pressure reduction (1
Torr). This foil was biased to 70 V dc. The differentially
pumped chamber was evacuated by a 5.5 L/s rotary
pump (Leybold, model D16A, Mississauga, Ontario,
Canada). The orifice of the skimmer (k) was 0.50 mm
diameter and the separation distance between the ori-
fice and skimmer tip was 3.2 mm. The skimmer was
biased to 5 V. The voltage bias to the sampling orifice
and skimmer were optimized with the ion beam formed
by sampling the gas present at atmospheric pressure
when operating an ES source, and the voltage bias
applied to these elements was not changed in this work.
A delrin spacer (l) electrically isolated the skimmer
from the grounded vacuum chamber. A 50 L/s turbo-
molecular pump (Leybold, model TMP050) was used to
evacuate the chamber that housed the channel electron
multiplier (CEM) (m) (Detect, model 310G, Palmer,
MA). The bias potential for the CEM was 22400 V. The
CEM ion current was passed through a photon count-
ing unit (Hamamatsu, model 3866) and the resulting
TTL signal counted. The separation distance between
the skimmer tip and the CEM was 82 mm, and there
were no electrode guides used in this region. Ion
transfer efficiency from the skimmer orifice to the CEM
was far from optimal in this work. An operating pres-
sure of 5 3 1025 Torr in this chamber was realized with
the first orifice open to atmospheric pressure.
Chemicals
ACS grade sodium chloride and tetrabutylammonium
chloride salts were used to prepare 10 mM stock solu-
tions using distilled deionized water. These two stock
solutions were then diluted to 5 mM using ACS grade
methanol prior to use in either the electrospray or the
single droplet generator source of ions.
Results and Discussion
Droplet Cycle
A droplet created by the droplet generator flew up 22
mm to the center of the levitation device (;75 ms) and
was then stored there while it desolvated. The droplet
desolvated to the first coulomb limit 550 6 75 ms after
the droplet was formed. The droplet fissioned, discon-
tinuously, for ,100 ms, after which the remnant of the
original droplet was itself ejected from the levitator.
These observations were made by viewing the droplet,
unaided by lenses, inside the levitation device by illu-
minating the droplet with a diode laser and manually
measuring with a stopwatch the time from droplet
generation to the initiation of the first coulomb fission
event. The value of 550 ms is the average of 103 such
measurements. Discussed below are the estimates of the
droplet size at the moment of formation, the droplet
desolvation rate, and the number of elementary charges
per droplet that have been made from these observa-
tions.
The actual droplet size at the instant of formation
was not measured in this work, but droplets with radii
similar to the diameter of the nozzle are typically
expected. The diameter of the nozzle used was 35 mm,
so droplets with an initial volume of ;180 pL have been
assumed.
Precise measurement of droplet size and charge in a
levitation device has been demonstrated using ex-
tremely low volatility solvents [30], but in this work the
methanol droplets reached the coulomb limit in ;550
ms. Additionally, because a two-electrode rather than a
three-electrode approximation of the Paul trap was
used for charged droplet levitation, and because parti-
cle motion is significantly damped at atmospheric pres-
sure, an estimate of the dimensionless q value for
storage of the droplets in the levitation device was not
made. Rather, the number of excess charges on the
single droplet has been calculated using an estimate of
the droplet desolvation rate. Droplets that were initially
35 mm in radius will desolvate under diffusion limited
control (eq 1) [29, 30]. r and r0 are the droplet radii at
time t and t 5 0, respectively. D is the diffusion coef-
ficient of the solvent vapor, p0 is the vapor pressure of
the evaporating species, M the molecular weight, pL the
solvent density, R the ideal gas constant, and T the
temperature:
r2 5 r0
2 2
2Dp0M
pLRT
~Dt! (1)
Sources of error in our estimate of the droplet
desolvation rate are the droplet temperature (T) differ-
ing from the temperature of the bath gas, and the local
vapor pressure (p0) of the evaporating species. The
temperature of a droplet undergoing diffusion con-
trolled desolvation can be up to 10 deg below the
thermal temperature of the bath gas (air) [30]. The
vapor pressure for methanol surrounding the evaporat-
ing droplet was not measured, but it has been estimated
based on the 550 ms time delay between droplet gen-
eration and the onset of the first coulomb fission event.
In this period of time delay, solvent vapor will diffuse
an average distance from the droplet, reducing the local
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vapor pressure of solvent near the droplet surface.
Using a value of 1.3 3 1022 atm for the local vapor
pressure of the solvent, the diffusion controlled droplet
desolvation rate was calculated to be 1 3 1029 m2/s,
and from eq 1, the radius at which coulomb fission took
place was 25 mm.
The coulomb fission equation (eq 2) [31] relates the
average number of excess elementary charges per drop-
let to the binding force stabilizing the droplet. The
variables in eq 2 are Q the excess charge, g the surface
tension of the solution, and rc the droplet radius at the
coulomb fission limit. From eq 2, the number of excess
charges on the droplets used in this work was ;9 3
106. The coulomb limit for a 35 mm droplet is 1.4 3 107
elementary charges, so the droplets generated in this
work were at ;65% of the coulomb limit at the instant
of formation. The progeny droplets released from the
primary droplet undergoing the first fission event
would be expected to have a radius of ;2.5 mm [31]:
Q2 5 64p2e0grc
3 (2)
If the estimate of the desolvation rate is in error, the
size of the droplet at the coulomb limit could have been
larger or smaller than calculated. For reference, had the
coulomb limit been reached at a radius of 15 or 30 mm,
the number of elementary charges per droplet would
have been 4 3 106 or 12 3 106, respectively. An error in
our estimate of the desolvation rate does not have
order-of-magnitude changes in the number of excess
charges per droplet.
Ion Currents
The positive ion current from the CEM in the vacuum
chamber, depicted in Figure 1, with an ES source was
#3 3 103 counts/s. The ion current was not dependent
on the nature of the cation in solution, as both test
solutions yielded the same ion count rate. In a separate
experiment, the current arriving at a solid counterelec-
trode plate was measured to be 500 nA, for both sample
solutions. This corresponds to a current utilization
efficiency of #1 3 1029.
The interface was unchanged when the ES capillary
was replaced with the levitation rings that were used in
conjunction with the single particle generator. This was
done deliberately to provide a direct comparison of ion
utilization efficiency from the optimized ES source
configuration with a comparatively large, but single
droplet, source of ions. The convection caused by a flow
of nitrogen gas at 0.1 to 0.5 L min21 between the
counterelectrode and the sampling orifice, which was
always used when the ES source was in operation, was
deleterious to the detection of ions derived from a
single isolated droplet with net charge. As will be
described, the ion currents recorded from single iso-
lated droplets were very dependent on the atmospheric
pressure electrodes used to guide the progeny droplets
and ions to the sampling orifice of the vacuum chamber.
Depicted in Fig. 3 are the 10 s ion current integrals, or
equivalently, the ion count recorded from 10 droplets
because the droplet generation rate was 1 Hz for the
various atmospheric pressure electrode guide configu-
rations depicted in Figure 1. As noted for the ES source,
the ion currents measured from single droplets with a
net positive charge were also not dependent on the
nature of the cation in solution as both test solutions
yielded the same ion count rates.
With the bottom plate electrode depicted in arrange-
ment II of Figure 1 in position, or removed, the mean
ion count per droplet ranged from 0.3 to 1.8 counts,
respectively. These data, representing the 10 s ion count
integrals acquired with the curtain gas flow of N2 set at
0 L min21, are plotted as open and filled diamonds and
filled triangles in Figure 3. It is noteworthy to mention
that in observing the ion count integral on the display of
the digital counter per 10 s integration period, there
were either 0 or ;10 ions per droplet detected, and not
on average 1 count per droplet detected. The low
efficiency of ion collection was attributed to the rela-
tively large distance (12 mm) that the progeny drop-
lets/ions had to traverse before arriving at the sampling
orifice. This set of data represents the poorest efficiency
measured for recovering the net excess charge from the
progeny droplets released from single isolated droplets.
However, on average, the net ion utilization efficiency
per 10 s integral (10 droplets) was ;1 3 1027, an
improvement by two orders of magnitude in ion utili-
zation over that measured for the ES source (#1 3
1029).
The counterelectrode was then removed, allowing
the top levitation ring electrode to be positioned 2 mm
from the sampling orifice (arrangement III, Figure 1).
This modification to the electrode arrangement at atmo-
spheric pressure yielded improved ion currents ranging
between 2.5 to 5 counts per droplet, depending on the
magnitude of the dc voltage bias applied to the levita-
tion ring electrodes (data plotted as open and filled
squares in Figure 2). The reason for this was most likely
that with larger dc bias potentials applied to the ring
electrodes the progeny droplets, and ions, were caused
to drift toward the sampling orifice at higher velocities,
reducing the extent of off-axis diffusion of the progeny
droplets and ions.
The best ions currents measured from isolated drop-
lets recorded in this work were recorded when a stack
of four annular electrodes of successively smaller radii
was positioned on top of the levitation electrodes (elec-
trode arrangement IV, Figure 1). The top annular elec-
trode was 2 mm from the sampling plate orifice, and the
bottom annular electrode was 3 mm above the top
levitation ring electrode. Ion count rates of ;40 per
droplet were measured with this electrode arrange-
ment, and the ion utilization efficiency demonstrated
with this data set was ;4 3 1026.
The first ions currents derived from single isolated
droplets with net charge stored in an atmospheric
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pressure levitation device have been reported. Several
possible application areas of single isolated droplets
with net charge as a source of ions for mass spectro-
metry can be envisioned, ranging from fundamental
studies of ion desorption to analytical applications.
However, there are many questions concerning the
operation of the droplet generator, and the overall ion
utilization efficiency, that must first be addressed. For
instance, all droplets ejected from the tip of the particle
generator carried a net positive charge because of an
induction electrode. Were the positive ions being de-
tected at the CEM representative of the cationic popu-
lation in solution? If so, then a cationic population of
;10 fmol in each isolated droplet with net charge
yielded, on average, 40 counts. Does the corresponding
negative image charge within the liquid remaining in
the capillary inside the droplet generator and syringe
affect the distribution of the charge carriers in the
droplets after several minutes of operation? The ion
utilization efficiency reported here with the single drop-
let at a time approach can be expected to improve by
decoupling the electrical biasing of the charged particle
levitation electrodes from the progeny droplet/ion fo-
cusing electrodes at atmospheric pressure. Also, the ion
transfer efficiency within the vacuum chamber used in
this work was poor, and this can be attributed to the
large ion drift region (82 mm) separating the skimmer
orifice and the CEM. It is not known if the ion currents
measured with the ES source suffered more deleterious
space charge defocusing in the vacuum chamber than
did the ions derived from single isolated droplets with
net charge. Hence, with the incorporation of ion focus-
ing behind the skimmer we expect to significantly
improve ion transfer in the vacuum chamber, but we do
not know if the ion utilization efficiency for both types
of atmospheric pressure ions sources used in this work
will improve linearly, or not. We are currently in the
process of adding an rf-only ion guide and mass spec-
trometer to the vacuum chamber. Method development
to enable the use of single isolated droplets as a source
of ions for mass spectrometry is an ongoing project in
our lab.
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